Abstract-3-D Ultrasound Computer Tomography (USCT) is aimed at early detection of breast cancer. The system uses Synthetic Aperture Focusing Technique (SAFT) for reconstruction of images. 2041 unfocused ultrasound transducers with approx. 2.5 MHz center frequency, 1 MHz bandwidth and 36
I. INTRODUCTION
Breast cancer is one of the most widespread cancers among women in the world. The chances of survival increases if it is detected at an early stage. With this view, at Karlsruhe Institute of Technology, a novel imaging modality called 3D Ultrasound Computer Tomography (USCT) II is developed. In Fig. 1 , the device is shown. [1, 2] The main advantage of this method is that it is harmless and thus can be applied frequently.
The breast is positioned into the 3-D semi-ellipsoidal shaped water filled container. The walls are covered with 157 ultrasound transducer arrays as shown in Fig. 2 . Each array contains 4 emitters and 9 receivers with a total of 2041 transducers. When a transducer emits ultrasound, the others act as receivers. The ultrasound signal gets reflected and scattered when it interacts with the tissues. The transmitted, reflected and scattered signals are then captured by the receivers and processed to generate A-scans (pressure over time). Data from all the transducers are collected and digitized from different angles. A three-dimensional image using a SAFT algorithm is reconstructed from this large amount of data. The system can produce three imaging modalities (reflection, attenuation and speed of sound) concurrently.
A. Background
In the 3-D Ultrasound Computer Tomography (USCT) system, 2041 ultrasound transducers are used in a multistatic setup for three dimensional imaging. These transducers are manufactured by dicing fully polarized piezoceramic wafers. [3, 4, 5] Connected together four or nine piezoceramic elements can be used as a single transducer. Here, four elements are bonded to form a single transducer as shown in Fig. Fig. 3 . Piezoceramic wafer diced into four piezoceramic elements (active elements in red and blue) to work as a single transducer.
3. The elements are connected to contact pads by soldering with the electrical wires. Polyurethane polymer is used to fill the gaps in-between the piezoceramic elements. These transducers have approximately 2.5 MHz center frequency, 1 MHz bandwidth and 36
• opening angle at -3dB.
B. Motivation
To increase the size of ROI from 10 × 10 × 10 cm 3 to 20×20×20 cm 3 for a next generation USCT system, the -3dB opening angle of the transducers should be increased to 60
• at its resonance frequency. [6] For achieving bigger opening angle, the transducer design has to be changed preserving or improving the other characteristics of the transducers such as center frequency and bandwidth. Thus, the goal is to develop a next generation transducer with an excellent reproducibility and less variation in its electrical as well as acoustic characteristics and increased opening angle of 60
• .
(1) 
II. APPROACH
The simulation and analysis of the transducers shows that by decreasing the surface area from 0.81 mm 2 to 0.16 mm 2 , the opening angle increases from 22
• to 54
• while the sound pressure decreases by 25%. [7, 8] Hence, an idea to design the circular transducer instead of current rectangular was introduced which will result into additional pressure homogeneity. Hence, the new transducer design with circular piezo elements of diameter 0.4 mm was finalized to achieve the required opening angle.
The existing dice-and-fill method is unable to produce the round shaped transducers. Hence, a new technique is needed which fulfills the requirements of circular design and improves the acoustic behavior as well. Piezoceramic fibres offers such fabrication of round piezo elements with different diameters. The innovative technique of fabricating the piezocomposites based on a single PZT fibres is developed as shown in Fig.  4 . Initially, PZT fibres are arranged in a required pattern and then filled with epoxy polymer by placing them in a cylindrical container. Then, it is allowed to cure for two days at 23
• C. Afterwards, the composite block is diced into thin wafers of required thickness. Finally, the fibres are polarized and then a conductive glue is used for attaching the contact pads with the transducers as soldering of electrical wires is could damage the piezo elements. The PZT fibre is kept at a curing temperature of 100
• for approx. 1 hour. Finally, for characterizing these transducers, they are integrated into cylindrical housing (shown in Fig. 5 ) and the backing layer (polyurethane) is filled.
III. EVALUATION AND RESULTS
Piezocomposite discs with a single PZT fibre with four different thicknesses are produced by using the new fabrication technique. The diameter of the PZT fibres shows a good match to the required size and a very small deviation in thickness of the discs from the target thickness is observed. [8] A
. Electrical characteristics
The electrical performance of the piezocomposites were evaluated with an in-house Hewlett Packard 4194A phaseimpedance analyzer. The analysis is done on 16 transducers - Fig. 7 . Histogram of (a) electrical impedance and (b) electrical phase calculated at their respective resonance frequency for all the elements of the PZT fibres with disc thickness 450, 500, 550 and 600 μm a set of 4 with four different thicknesses 450, 500, 550, 600 μm and each disc has 13 elements (total 208 elements). The electrical impedance is measured for all the piezocomposites at their respective resonance frequency and analyzed as a histogram shown in Fig. 7(a) . As the surface area of circular transducer as compared to rectangular transducer is decreased by 4, its impedance should increase by factor 4. The statistical values of the electrical impedance for the PZT fibres with all four thicknesses at their respective resonance frequency is given in table I. The standard deviation values indicates the deviation from the mean impedance values. The electrical phase of the transducers in more ideal case should be near to 0
• at its resonance frequency and should deviate at other frequencies as shown in Fig. 6 . The deviation from the ideal value indicates the presence of reactive loads in the fibres or circuit. This results into the reduction of sound pressure emitted by the transducers. The analysis of the electrical phase of all the PZT fibres at their resonance frequency is shown in Fig. 7(b) . The mean and standard deviation of the electrical phase of the PZT fibres as shown in table II. The impedance value in Fig. 6 has sudden change from 2 to 3 MHz frequency which indicates the presence of series and parallel resonance in the transducer. This is a very strong representation of a working transducer. The lower the difference between the parallel and series resonance, the greater are the chances that it is a non-working transducer. These kind of transducers tends to emit no or very low sound pressure and hence are considered as bad elements.
B. Acoustic characteristics
The acoustic behavior of the PZT fibres is evaluated using an in-house 3-axis robust and efficient characterization setup. [9] The setup consists of hardware like arbitrary waveform generator, amplifier, hydrophone capable of moving in three orthogonal directions, etc and two software modulesmeasuring (LabWindows) and analysis software (MATLAB). The setup is capable of generating any arbitrary waveforms and trajectories for characterizing the transducers.For analyzing the acoustic characteristics of the PZT fibres, they are compared with the rectangular transducers (Fig. 3) . The trajectory for characterization is chosen as semicircle (radius = 60 mm) as the distance between the transducer and hydrophone remains constant. The acoustic characteristics of rectangular and circular transducers are shown in Fig. 8 and Fig. 9 respectively. As both the transducers are measured with different chirplengths, the pressure values for circular transducer (Fig.  9 ) has been compensated. After the compensation, the table III has been generated for comparing both the transducers. As indicated in the table, the opening angle of the selected circular transducer have significantly increased. At the respective resonance frequency of both the transducers, the absolute energy of this circular transducer is 21.33% as compared to the rectangular transducer (shown in Fig. 3 ).
IV. DISCUSSION AND CONCLUSION
The acoustic characteristics do not behave as expected. Though the opening angle was successfully achieved, the sound pressure for the selected circular transducer is found to be low by factor 4 to 5 approx. The exact reasons for this unexpected behaviour is not known yet but it may be due to more exposure to the curing temperature (100 • C) during manual bonding of elements. More interestingly, the electrical and acoustic characteristics of the individual fibres possess great variability. This may be due to polarization or manual bonding but currently cannot be explained.
The transducers are developed with a new fabrication technique in contrast to conventional dice-and-filling. The reproducibility of the transducers developed by this method is achieved in terms of disc thickness, shape and position of fibres. The electrical and acoustic characteristics of individual elements possess great variability. Though not all the aimed characteristics of the transducers could be obtained, the opening angle is close to 60
• . The sound pressure of the transducers is unexpectedly very low by approx. 80%. The other characteristics like the center frequency (2.5 MHz approx.) and bandwidth (1 MHz approx.) are preserved.
FUTURE WORK
An unsolved question still remains, i.e. the unexpected reduction in sound pressure and great variability in transducer performance which will be analyzed in a future work. Also, a reliable and more robust bonding procedure would be highly preferable.
